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Abstract 
 
Bumble bees comprise a genus of approximately 250 species that exhibit high diversity in 
color pattern phenotypes, colony sizes, and habitats across the globe. Nearly two centuries of 
research have investigated the biological factors leading to their widespread distribution and 
ecological adaptability. As purported members of Müllerian mimicry complexes, the evolution 
of divergent and convergent color patterns within and among species appears to play an 
important role in bumble bee speciation. Distantly related species that share a common 
geographic range sometimes converge on similar aposematic coloration to presumably increase 
the efficacy of learned predator avoidance. However, the extent to which other selective 
pressures affect color pattern evolution remains largely untested. Temperature is an important 
environmental component known to impact the development rate, metabolism, and color pattern 
formation of many insects. As yet, the extent to which environmental temperatures affect the 
physiological development underlying color pattern phenotypes in bumble bees is unknown. To 
that end, I examined thermal stress on late instar larvae to determine whether developmental 
temperatures alter adult color pattern phenotypes. I selected a species that is monomorphic in 
color pattern, Bombus impatiens, and demonstrated that individuals are able to withstand a wide 
range of temperatures and retain their characteristic adult color pattern. In performing this 
experiment, I found that the developmental staging of bumble bee pupation had not been 
properly characterized. A biologically accurate description of bumble bee life stages was needed 
for the testing of color pattern response to developmental temperatures. I therefore analyzed 
histological changes throughout pre-adult development to determine the onset and duration of 
pupation. I analyzed epidermnal cellular activity and structural changes in the overlying cuticle, 
both dissected from the first and second metasomal tergites of Bombus impatiens, throughout 
 iii 
development and showed that pupation begins roughly two days after silk-spinning and lasts 
approximately 40 hours prior to the onset of pharate adulthood. I found that the length of 
pupation is much shorter than previously maintained delimitations of this developmental stage. 
Ultimately, I both quantified the pupal stage and demonstrated that color pattern development 
appears to be resistant to thermal stress in Bombus impatiens. Future experimentation should 
determine if these results are consistent across polymorphic bumble bee species.  
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CHAPTER 1: INTRODUCTION 
Bumble bees (Bombus spp.) are easily recognized by their distinctive color patterns of 
contrasting yellow, black and orange pigmentation (Rapti et al. 2014). The color pattern 
convergence among divergent species sharing a common geographic range, as well as pattern 
diversification among populations of a widely distributed species, are hypothesized to have 
evolved as Müllerian mimetic complexes (Owen and Plowright 1980, Williams 2007). 
Moreover, Bombus species are models for Batesian mimics involving several species of flies 
belonging to families such as Syrphidae, Asilidae and Bombyliidae (Kirby and Spence 1817, 
Bromley 1950, Wickler 1968, Conn 1972, Heal 1979), moths belonging to the family Sphingidae 
(Rubinoff and Le Roux 2008), and beetles belonging to the family Silphidae (Lane and 
Rothschild 1965, Fisher and Tuckerman 1986). The different Müllerian mimetic complexes that 
comprise Bombus are excellent examples of natural selection driving convergence and 
diversification within and among species in response to a common environmental pressure. In 
the case of Bombus, the selective force is presumed to be protection from predation (Williams 
2007). By displaying a conspicuous phenotypic signal, both unpalatable (Müllerian) and 
harmless (Batesian) mimics can take advantage of learned predator avoidance (Bates 1862, 
Müller 1879).  
Whereas investigating Bombus color pattern morphology and geographic distribution 
across species can help answer questions concerning macro- and microevolutionary processes of 
Müllerian mimicry (Williams 2007), examining the color pattern phenotype on a physiological 
level can provide an understanding of the developmental processes that underlie the evolution of 
color pattern mimicry. The recognizable phenotypic traits upon which natural selection acts are 
inextricably linked to the underlying developmental genetics and physiological development of 
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the organism, and this connection has been explored in many insects, including the color patterns 
of Heliconius butterflies (Reed et al. 2011, Hines et al. 2012, Supple et al. 2013). Reed et al. 
(2011) demonstrated that differential expression of a single transcription factor, optix, during 
pupal development leads to interspecific variation of red coloration in adult wings. They found 
that expression of optix begins between 12 and 60 hours into pupation, and by 72 hours there is 
already a discernable difference in expression in the tissues of pupal forewings and hindwings 
between different phenotypic groups. Subsequent analysis (Hines et al. 2012) showed that 
orange/red ommochrome pigments and black melanins begin to be expressed at 7 and 8 days 
after pupation, respectively. 
Bombus presents a comparably attractive model system for studying the developmental 
physiology of color pattern formation because of its striking inter- and intraspecific phenotypic 
diversity, comprehensive knowledge of its phylogeny relatively small colony sizes, and the 
capacity for colonies to be reared and observed in the laboratory. Additionally, Bombus has 
garnered much attention over the past two centuries as important pollinators, particularly in 
regions with a temperate climate (Heinrich 1979; Goulson 2003). However, key physiological 
processes involved in color pattern formation remain largely unknown. Babiy (1925) first 
described the chemical characteristics of the pigments responsible for orange and black 
coloration in Bombus and concluded that they are likely to be melanins due to their ability to 
precipitate and darken in the presence of various solvents. Later, Imlay and Hines (unpublished 
data) extracted several different pigment classes from bumble bee hairs in various chemical 
solvents and confirmed that melanins are likely responsible for orange and black pigments, and 
that yellow may result from pterins. 
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Of the studies that have investigated the environmental conditions that influence color 
pattern formation, several have noted the influence of temperature (Hoffer 1905, Stiles 1979). In 
a field study, Stiles (1979) found that pubescence length and coloration in males varies with 
thermal environments corresponding to latitudinal gradients. Denser, darker and longer hair 
appears to provide a distinct adaptive advantage in colder climates as males do not return to their 
nests once they have left and must endure longer, cooler nights (Stiles, 1979). In another 
example, Hoffer (1905) found that moving B. pascuorum nests to warmer environments caused 
adults to undergo a phenotypic shift and emerge with yellow hair, as opposed to their natural 
dark colors of black and orange. These reports (Hoffer 1905, Stiles 1979) offer preliminary 
evidence that temperature can affect color pattern development and might therefore be an 
important environmental variable that could also mediate the phenotypic convergence among 
sympatric yet phylogenetically distant species. However, on their own these studies do not 
sufficiently support this temperature effects hypothesis because they examined only colony-wide 
responses to thermal changes and do not consider the impact of temperature on individual 
development. While Hoffer (1905) and Stiles (1979) measured color pattern response to thermal 
variation in bees that emerged as adults from within nests where workers actively maintained a 
constant temperature, no studies have directly tested the effect of unmitigated temperature on 
developing individuals with no other temperature-manipulating confounding factors present. 
Thus, physiological experimentation exploring the development of Bombus color pattern 
phenotypes in the absence of colony workers is necessary to advance the understanding of the 
effect of unmitigated thermal pressure.     
In many other holometabolous insects, developmental temperature has a particularly 
noticeable effect on color pattern formation during the late larval and pupal stages (Merrifield 
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1891, Merrifield 1894, Gilbert et al. 2007). However, in Bombus there is inconsistent 
information about the precise timing (onset and termination) of these stages. Therefore, research 
to elucidate the timing of developmental stadia is required before examining the role of 
temperature on the development of color pattern. At present, the period of pupation has yet to be 
properly characterized in Bombus. Current Bombus literature often considers the “pupal” stage to 
be ~10-13 days long (Cnaani et al. 2002), but this delimitation includes the pharate adult stage 
and is therefore incorrect. The exact duration of pupation, i.e., the period of development 
between apolysis following completion of larval development and a second apolysis demarcating 
the beginning of pharate adulthood (Hinton 1973), has yet to be reported. Studies examining the 
development of the frons, scutum, and abdominal tergites (Thompson 1978) and eye 
pigmentation (Elias-Neto 2009) of the related European honey bee, Apis mellifera have found 
that pupation lasts approximately 40 hours. As in Thompson (1978), staging of cuticle 
development during pupation is required, particularly if the effects of temperature on color 
pattern formation are to be tested. Specifically, recording the retraction of the epidermal layer 
from the overlying cuticle, which is fundamentally important for the molting process 
(Wigglesworth 1972), is needed to properly delimit the pupal stage in Bombus. This information 
is important not only for understanding the effects of temperature on Bombus color pattern, but 
for staging the development of other important phenotypic traits, such as the formation of hairs, 
wings, eye pigmentation, feeding structures, and reproductive organs.  
This research will address key areas of missing information regarding Bombus color 
pattern development as I provide a descriptive analysis of the changes to the epidermis that 
signal the beginning and end of pupation, as well as determining whether thermal stress can be 
used to disrupt the development of adult color patterns. Chapter 2 describes an experiment in 
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which I examined tissue whole mounts and sections dissected from the first two abdominal 
tergites of Bombus pupae at regular time intervals, which I imaged via light microscopy to track 
development. Chapter 3 is an account of an experiment in which I exposed developing late-instar 
larvae to increasingly unfavorable developmental temperatures and assessed whether the adult 
color pattern phenotype is significantly altered. I accomplished this by separating clumps of 5 to 
10 larvae from the rest of the brood comb and relocating them to incubators set to temperatures 
ranging from 16°C - 18°C, 25°C, and 31°C - 35°C. At ambient temperatures of ~24°C - 25°C, 
bumble bees have been recorded to maintain an optimal brood temperature of 30°C - 32°C (Fye 
and Medler 1954, Heinrich 1972, Cameron 1985). Thus, my range of experimental temperatures, 
16°C - 35°C, was selected because temperatures falling just below and above this range resulted 
in a near 100% mortality rate of developing brood (personal observation).  
 
 
 
 
 
 
 
 
 
 
 
 
 6 
References 
Babiy, P. P. 1925. Neues zum Hummelproblem. Zeitschrift für wissenscheftliche Zoologie, 
Liepzig 1925: 502-512. 
 
Bates, H. 1862. Contributions to an insect fauna of the Amazon Valley (Lepidoptera: 
Heliconidae). Transactions of the Linnaean Society of London. 23: 495-566.  
 
Bromley, H. 1950. Florida Asilidae (Diptera) with description of one new species. Annals of the 
Entomological Society of America. 43: 227-239.  
 
Cameron, S. 1985. Brood care by male bumble bees. Proceedings of the National Academy of 
Sciences, USA 82: 6371-6373.   
 
Cnaani, J., Schmid-Hempel, R., Schmidt, J. 2002. Colony development, larval development and 
worker reproduction in Bombus impatiens Cresson. Insects Sociaux 49: 164-170. 
 
Conn, D. L. T. 1972. The genetics of bee-like patterns of Merodon equestris. Heredity 28: 379-
386.   
 
Elias-Neto, M., Soares, M. P. M., Bitondi, M. M. G. 2009. Changes in integument structure 
during the imaginal molt of the honey bee. Apigologie 40: 29-39.   
 
Fisher, R., Tuckerman, R. 1986. Mimicry of bumble bees and cuckoo bumble bees by carrion 
beetles (Coleoptera: Silphidae). Journal of the Kansas Entomological Society. 59: 20-25.  
 
Fye, R. E., and Medler, J. T. 1954. Temperature studies in bumblebee domiciles. Journal of 
Economic Entomology 47: 847-852.  
 
Gilbert, J., Peronnet, F., Schlötterer, C. 2007. Phenotypic plasticity in Drosophila pigmentation 
caused by temperature sensitivity of a chromatin regulator network. PLoS genetics 3: e30.  
 
Goulson, D. 2003. Bumblebees: Their Behavior and Ecology. Oxford University Press, Oxford.  
 
Heal, J. 1979. Colour patterns of Syrphidae: Genetic variation in the dronefly Eristalis tenax. 
Heredity 42: 223-236. 
 
Heinrich, B. 1972. Physiology of brood incubation in the bumble bee queen, Bombus 
vosnesenskii. Nature 239: 223-225.  
 
Heinrich, B. 1979. ‘Majoring’ and ‘minoring’ by foraging bumblebees, Bombus vagans: an 
experimental analysis. Ecology 60: 245-255.  
 
Hines, H., Papa, R., Ruiz, M., Papanicolaou, A., Wang, C., Nijhout, H., McMillan, W., Reed, R. 
2012. Transcriptome analysis reveals novel patterning and pigmentation genes underlying 
Heliconius butterfly wing pattern variation. BMC Genomics 13: 288.  
 7 
 
Hinton, H. E. 1973. Neglected phases of metamorphosis: A reply to V. B. Wigglesworth. 
Journal of Entomology Series A General Entomology 48: 57-68.    
 
Hoffer, E. 1905. Ueber des Farbenvariieren der Hummeln. Mitteilungen des 
Naturwissenschaftlichen Vereins für Steiermark. 41: 1xv-1xvii.  
 
Kirby, W., Spence, W. 1817. An Introduction to Entomology, vol. II. pp. 220-221.  
 
Lane, C., Rothschild, M. 1965. A case of Müllerian mimicry of sound. Proceedings of the Royal 
Society London 40: 156-158.  
 
Merrifield, F. 1891. Conspicuous effects on the marking and colouring of Lepidoptera caused by 
exposure of the pupae to different temperature conditions. Transaction of the Entomological 
Society of London 155-168.  
 
Merrifield, F. 1894. Temperature experiments in 1893 on several species of Vanessa and other 
Lepidoptera. Transaction of the Entomological Society of London 425-438. 
 
Müller, F. 1879. Ituna and Thyridia: a remarkable case of mimicry in butterflies. Transactions of 
the Entomological Society of London. 20-29.  
 
Owen, R., Plowright, R. 1980. Abdominal pile color dimorphism in the bumble bee, Bombus 
melanopygus. The Journal of Heredity 71: 241-247. 
 
Rapti, Z., Duennes, M., Cameron, S. 2014. Defining the colour pattern phenotype in bumble bees 
(Bombus): a new model for evo devo. Biological Journal of the Linnaean Society 113: 384-
404.  
 
Reed, R., Papa, R., Martin, A., Hines, H., Counterman, B., Pardo-Diaz, C., Jiggins, C., 
Chamberlain, N., Kronforst, M., Chen, R., Halder, G., Nijhout, H., McMillan, W. 2011. 
Optix drives the repeated convergent evolution of butterfly wing pattern. Science 333: 1137-
1147.  
 
Rubinoff, D., Le Roux, J. J. 2008. Evidence of repeated and independent saltational evolution in 
a peculiar genus of sphinx moths (Proserpinus: Sphingidae). PLoS One 3(12) 
e4035.doi:10371/journal.pone.0004035.  
 
Stiles, E. 1979. Evolution of color pattern and pubescence characteristics in male bumblebees: 
automimicry vs. thermoregulation. Evolution 33: 041-957. 
 
Supple, M., Hines, H., Dashmahapatra, K., Lewis, J., Nielsen, D., Lavoie, C., Ray, D., Salazar, 
C., McMillan, W., Counterman, B. 2013. Genomic architecture of adaptive color pattern 
divergence and convergence in Heliconius butterflies. Genome Research 23: 1248-1257.  
 
 8 
Thompson, P. R. 1978. Histological development of cuticle in the worker honey bee, Apis 
mellifera adansonii. Journal of Apicultural Research 17: 32-40.  
 
Wickler, W. 1968. Mimicry in Plants and Animals. World University Library, London. 255 pp.  
 
Wigglesworth, V. 1972. The significance of “apolysis” in the moulting of insects. Journal of 
Entomology Series A 47:141-149.  
 
Williams, P. 2007. The distribution of bumblebee colour patterns worldwide: possible 
significance for thermoregulation, crypsis, and warning mimicry. Biological Journal of the 
Linnaean Society 92: 97-118.  
  
 9 
CHAPTER 2: HISTOLOGICAL CHANGES IN THE ABDOMINAL TISSUE OF 
BOMBUS IMPATIENS (HYMENOPTERA: APIDAE) REVEAL THAT PUPATION 
LASTS APPROXIMATELY 40 HOURS 
 
Abstract 
 
 Bumble bees (Bombus) have long been important models for scientific research, 
including analyses of their taxonomy, Müllerian mimicry, eusociality, thermoregulatory behavior 
and pollination strategies. More recently, they have been the focus of studies on pollinator 
decline, a significant development considering their value as important pollinators. Yet many 
aspects of their biology, including basic features of development, such as the onset and duration 
of pupation, remain unresolved. This study investigates the histological changes that occur in the 
epidermis and cuticle layers of the first and second metasomal tergites of Bombus impatiens 
during development. Specifically, I focus on the late fourth larval instar, pupation, and the 
beginning of pharate adulthood. Using apolysis, the point at which the epidermis becomes 
separated from the overlying cuticle, as a benchmark for the commencement of a new 
developmental stadium, I demonstrated that pupation begins 40 hours after spinning of the silken 
pupal cocoon and lasts for a total of 40 hours. This study provides the first documentation of the 
beginning and end of pupation, which differs from previous definitions of the Bombus “pupal 
stage”. These results provide a framework within which further experimentation can explore 
genetic and physiological processes associated with specific developmental instars.  
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Introduction 
 
 Bumble bees (Bombus) have been important models for the scientific research of 
thermoregulation (Heinrich 1972, Heinrich 1996), pollination ecology (Artz and Nault 2011, 
Petersen et al. 2013, Stanghellini et al. 2002, Desjardin and de Oliveira 2006, Torres-Ruiz and 
Jones 2012), eusociality (Bertolotti et al. 2001, Shpigler et al. 2013, Sibbald and Plowright 2014, 
Woodard et al. 2012), and Müllerian and Batesian mimicry (Owen and Plowright 1980, Williams 
2007, Rapti et al. 2014). They are one of the few large bee genera (~250 species) for which a 
comprehensive phylogeny is known (Cameron et al. 2007). They have recently garnered 
additional attention as multiple native North American species have undergone a dramatic, 
pathogen-mediated decline (Cameron et al. 2011, Cameron et al. 2016).  
 Despite the focus on behavior and ecology from the scientific community, much about 
the developmental biology of Bombus remains unknown. A major area of uncertainty is the 
proper delimitation of pre-adult developmental stages. Specifically, the onset and duration of 
pupation are unclear and require further resolution (Sutcliffe and Plowright 1990). Knowledge of 
this is important because this developmental framework is needed to elucidate the gene activity 
and physiological mechanisms underlying each specific life stage.  
Several factors contribute to the uncertainty regarding the timing of developmental stadia 
in Bombus, the two primary reasons being the difficulty of directly observing developing 
individuals within the brood cells and the frequent misuse of terminology prevalent in the 
Bombus literature. The very nature of Bombus brood development often precludes simple and 
direct observational studies of individuals throughout their pre-adult lives, as they remain fully 
enclosed in brood cells constructed of wax and pollen during early development and silk 
throughout later development (Flower and Kenchington 1967). The brood often do not survive if 
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the walls of these brood cells are breached or if they are removed from the care of adult workers 
for long (Heinrich 1972). These workers, referred to as nurses, provide a steady supply of food to 
the larvae and actively maintain a constant brood temperature within the nest (Heinrich 1972, 
Cameron 1985, Gurel and Gosterit 2008). They also regularly remove developing individuals 
from their brood cells and reject them from the nest if brood have been disturbed, presumably to 
defend the rest of the colony from infection or parasitization (Hoffmann et al. 2008).  
 In addition to the difficulty of direct observation of brood development, a prevalent 
misuse of terminology further compounds the current misunderstanding of developmental stages. 
The term “pupa” is often vaguely used to designate the period of time between larval spinning of 
the silken cocoon and emergence from this cocoon as adults (Cnaani et al. 2002). This definition 
of the pupal stage has served as a functional tool for previous studies (Sutcliffe and Plowright 
1990), but it is biologically incorrect for two reasons: larvae likely do not pupate until some time 
after spinning the pupal cocoon, and pupae enter the pharate adult stage prior to emerging from 
pupal cocoons as adults. During the pharate adult stage, individuals have fully acquired adult 
cuticle but have yet to emerge from their pupal cocoons, as time is still required to complete 
other developmental processes, such as pigment deposition and an increase in cuticular 
sclerotization (Soares et al. 2013). To avoid subjectivity in defining these stages, specific 
developmental events and temporal indicators need to be identified as the beginning and end of a 
given instar. Hinton (1973) argued that apolysis be used as the defining event, as it would incur 
the least confusion in future descriptions. Apolysis is the separation of the cuticle from the 
underlying epidermal layer (Wigglesworth 1972, 1973).  
 This type of histological description of the cuticle to designate developmental instars has 
already been implemented in a Bombus relative, the honey bee, Apis mellifera (Thompson 1978). 
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Thompson (1978) documented the cuticular activity of the frons, scutum, and abdominal tergites 
and found that the actual pupal stage begins approximately 2.5 days after capping of the nest cell 
and lasts for approximately 40 hours. Subsequent studies have supported these findings by 
correlating other developmental features, such as the deposition of eye pigmentation (Elias-Neto 
2009), following this period of pupation.  
 A descriptive analysis similar to that of Thompson (1978), documenting the histological 
changes that occur during Bombus tissue development, is needed to properly define the pupal 
stage, the results of which are important for informing future physiological and genetic research 
by providing a precise temporal framework of pupation. To that end, my study investigates the 
timing of epidermal separation from the overlying cuticle that marks the beginning and end of 
pupation in Bombus impatiens, a species readily available as colonies from commercial facilities. 
I examined tissue sections and whole mounts dissected from the first two abdominal tergites of 
individuals at regular time intervals ranging from third instar larvae to pharate adults. 
Additionally, I describe the cellular activity and structural changes in the integument that occur 
across these developmental stages. This study will facilitate future genetic and physiological 
research of pre-adult developmental stages of Bombus as it provides a necessary temporal 
framework for experimentation.  
  
Methods 
Colony Maintenance 
 Colonies of Bombus impatiens were purchased from Koppert Biological Systems (Ann 
Arbor, MI). Nests were placed in 15 x 20 x 11 cm wooden boxes with clear, removable glass 
tops. A wooden cover was placed on top of the glass to maintain constant darkness (mimicking 
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natural below-ground nesting conditions), except for periods of feeding and observation. During 
feedings and observations, red light was used to limit bee vision and therefore flight. Each 
colony was fed pollen (stored at -20°C to prevent spoilage) and a honey:water solution (1:1) ad 
libitum. Fresh frozen pollen was purchased from Y.S. Eco Bee Farms (Sheridan, IL). Charles 
Nye at University of Illinois, Urbana-Champaign, provided honey from his personal honey bee 
hives. Foraging workers were able to exit the nest boxes through glass tunnels measuring 46 cm 
in length x 4 cm diameter to obtain honey water in foraging boxes of the same size as nest boxes. 
The wooden foraging boxes were topped with a glass plate without a wooden cover, simulating 
natural photoperiod conditions outside the nest to help guide their search for food. Honey:water 
was delivered in 96-well PCR plates (Thermo Fisher Scientific, MA) comprising a total of 
200μL of solution.  
 
Developmental Staging 
 Pre-pupal development was monitored several times daily via video recording using a 
high-definition widescreen video web cam (Stopmotion Explosion), which facilitated direct and 
uninhibited inspection of the brood comb. This allowed for the visualization of the change in 
body orientation within the brood cell that occurs when late
 
fourth instar larvae spin their silken 
pupal cocoon. During this time, the brood cell shape changes from oblate spheroid to an ellipsoid 
as a larva inside its cell moves from a horizontal to a vertical body orientation (Sutcliffe and 
Plowright 1990). Video recordings were closely examined and the point at which a cell no longer 
extended vertically was designated as the time 0 reference point for the sampling of developing 
individuals. I took samples of at least four developing individuals at the third developmental 
stadium, and then into the fourth developmental stadium at 24, 40, 60, 80, 100, 120, and 160 
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hours after time 0. These time points were selected because they were of equal time interval 
post-time zero up until the point where cuticle was very pigmented and too difficult to observe 
via light microscopy.  
 
Tissue Whole Mounts  
Upon reaching the desired development time, each individual was carefully removed 
from its brood cell or pupal cocoon using a scalpel and soft forceps. They were immediately 
relocated to individual vials containing 50% alcoholic Bouin’s fixative, where they remained for 
24 hours. When fixation was complete, each sample was washed 5 times in 95% ethanol (EtOH) 
for at least one hour per wash. Using a pair of iridectomy scissors, the abdomen of each 
individual was separated from the rest of the body before being pinned down in a dissecting petri 
dish lined with Silicon elastomer base (Sylgard) and filled with Phosphate-buffered saline (PBS) 
solution, which was used as the principal medium during dissections. Dissections were 
performed under a Leica MZ 125 microscope (Wetzlar, Germany) to ensure quality. Iridectomy 
scissors were used to dissect tissue samples measuring approximately 1mm x 2mm from an area 
on the abdomen spanning across the intersegmental boundary of the first and second tergites (Fig 
2.1). The center of the abdomen was targeted for dissection as it contained little to no 
musculature, thus keeping the tissue samples planar rather than curved. During dissections, fat 
body was carefully removed so that only the epidermal and cuticle layers were collected. Prior to 
staining, the tissue samples were located to individual tubes containing 1ml PBS buffer for an 
hour before being transferred to individual vials containing 2.0 ml PBS + 10% NRS (normal 
rabbit serum) + 0.1 % Triton X-100 and 1ug/ml 4',6-Diamidino-2-Phenylindole, 
Dihydrochloride (DAPI ) where they stayed overnight in a dark -20°C cold room. The 
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following day, tissue samples were rinsed three times in PBS buffer before being mounted on 
slides with 70 % glycerin + 30 % Tris. Adult worker bee cuticle was also dissected, but not 
stained with DAPI, solely for visualization of the surface of the cuticle layer. Tissue was 
sampled from the same area of the abdomen as the previous dissections, but then transferred to a 
vial of potassium hydroxide (KOH) where it remained overnight before hairs were removed 
using a fine paintbrush. All images were taken using fluorescent and Nomarski microscopy 
under a Nikon Eclipse E600 microscope (Melville, NY).  
 
Tissue Sections 
 Dissections of 4-5 individuals from each of three time points (third instar larvae, 40-hour 
pupae, and 100-hour pharate adults) were performed in Grace’s insect culture medium (Thermo 
Fisher Scientific, MA) under a Leica MZ 125 microscope (Wetzlar, Germany) using iridectomy 
scissors. Planar samples of tissue measuring 1 mm x 1 mm were dissected across the first and 
second metasomal tergites. Tissue samples were fixed in a Karnovsky solution (2 g 
paraformaldehyde + 50% glutaraldehyde) for several days at 4°C. The samples were then 
washed six times in Sorenson’s (Thermo Fisher Scientific, MA) buffer to remove the primary 
Karnovsky fixative. The samples were then treated with an osmium tetroxide (OsO4) secondary 
fixative, which was diluted from a 4% - 2% aq. solution while being chilled intermittently. The 
samples were then microwaved for 20 seconds, chilled, and then incubated at room temperature 
for 1.5 hours. Microwaving procedures were used to assist in the stabilization of chemical 
fixations while reducing incubation times. Next, they were treated with a 3% aq. Potassium 
cyanide (KCN) solution for 15 minutes before being added to an equal volume of OsO4. After 
incubating at 4°C overnight, they were washed in water three times. After removal of all water, 
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filtered saturated uranyl acetate was added and the tissue samples were microwaved one time. 
Uranyl acetate was removed with 10% EtOH and then the samples were dehydrated in the 
following EtOH concentrations for 15 minutes each: 10%, 25%, 75%, 95%, 100% and 100%. 
After dehydration, samples were incubated for 8 minutes in a 1:1 mixture of 100% EtOH and 
acetonitrile and then again for another 8 minutes in pure acetonitrile. Samples were then 
infiltrated in a 1:1 mixture of acetonitrile:epoxy, a 1:3 mixture of acetonitrile:epoxy, and then a 
pure epoxy solution. They were microwaved for 20 seconds after each change. The resulting 
blocks were polymerized overnight in a Histodryer (Giberson and Demaree 2001) set to 90°C. 
The following day, after curing at 4°C for 20 minutes, the blocks were trimmed and ultrathin 
sectioned to 0.5μm thickness under a dissecting microscope with a diamond knife. Sections were 
cut parallel to the anterior-posterior axis of the bee. Sections were stained with toluidine blue and 
basic fuchsin for visualization under light microscopy. Briefly, this was accomplished by drying 
the sections on a hot plate for 4 hours, before flooding them with the toluidine stain using a 10cc 
syringe. They were then washed in 5 beakers of distilled water for 2 minutes each. The sections 
were again flooded in the basic fuchsin stain using a different 10cc syringe on the hotplate. The 
slide was then washed and dried. All tissue sections were photographed under a Nikon Eclipse 
E600 microscope (Melville, NY).   
 
Results 
The results of this study are summarized in Figures 2.2 and 2.3. Third instar larvae were 
sampled as the first time point in this experiment. These individuals are smaller in size relative to 
larvae sampled at successive time points and appear worm-like. Tissue whole mounts of third 
instar larvae (Fig 2.2) reveal that the cuticle has few small knob-like protuberances and no hairs. 
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The underlying epidermis is fully attached to the cuticle. Fluorescent imaging of the epidermis 
shows a single layer of epithelial cells that appear to be fewer in number than in later instars. The 
tissue sections reveal the columnar structure of these cells (Fig 2.3).  
At roughly 24 hours post-spinning (time = 0), the developing brood remain as fourth 
instar larvae (Fig 2.2). The brood sampled at this life stage occupy silken cocoons that appear 
yellow-tan in color. These individuals are large-bodied relative to third instar larvae and do not 
show evidence of pigment deposition. Knob-like protuberances are larger and more abundant in 
the cuticle at this stage. Epithelial cells retain a uniform morphology but are found in greater 
abundance across the same sample area of tissue than in the previous instar (Fig 2.1).  
At approximately 40 hours post-spinning, individuals appear bag-shaped during a period 
of complete body reorganization. The cuticle has become separated from the underlying 
epidermis (Fig 2.2). It will soon sit atop the newly formed pupal cuticle before the old larval 
cuticle is molted. Epithelial cells remain columnar, are organized in monolayers, and do not 
change from their vertical orientation. The tissue sections reveal a single epidermal layer that is 
separated from the overlying cuticle (Fig 2.3).  
At 60 hours post-spinning, individuals no longer appear bag-like and a restriction 
between the thorax and abdomen is now present. The larval cuticle has been discarded and only 
pupal cuticle remains (Fig 2.2).  
Developing pupae will undergo another round of apolysis just prior to pharate adulthood, 
which occurs at roughly 80 hours post-spinning (Fig 2.2). Both the overlying pupal cuticle and 
the underlying adult cuticle are now present above the epidermal layer. The adult cuticle 
possesses fine hairs at this stage. Socket cells, from which hairs emanate, are visible in through 
cuticle and correspond directly to large polyploid cells in the underlying epidermis. Under 
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fluorescent microscopy, these polyploid cells appear bean-shaped and embedded in a layer of 
smaller, single nucleated cells. The polyploid cells are scattered and not arranged into rows. The 
tissue sections show a layer of epithelial cells and a cuticle possessing socket cells from which 
fine hairs are growing (Fig 2.3). The eyes and hairs of the pharate adult are not pigmented and 
appear white.  
Pharate adults at 100 hours post-spinning (Fig 2.2) possess only adult cuticle and an 
overlying, detached pupal cuticle. Their eyes possess light red pigmentation. Their body hairs 
have not yet undergone pigment deposition, although they are considerably longer than in 80-
hour pharate adults. The polyploid cells in the epidermal layer remain scattered and not arranged 
into rows.  
Pharate adults collected at 120 hours post-spinning (Fig 2.2) possess eyes displaying 
brown pigmentation. Their body hair remains unpigmented. The polyploid cells in the epidermal 
layer remain scattered and not arranged into rows.  
Pharate adults at 160 hours post-spinning (Fig 2.2) possess eyes with black pigmentation. 
The abdominal tergites appear black around the borders, as the cuticle has begun the process of 
pigment deposition. The polyploid cells in the epidermal layer remain scattered and not arranged 
into rows.  
In the cuticle of adult worker bees examined after hair was removed using KOH (Fig 
2.4), socket cells in the cuticle did not ultimately rearrange into rows. Instead they continue to be 
scattered through the remainder of development.  
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Discussion  
 My study provides new insight into an important and unexplored area of Bombus 
developmental physiology. By examining metasomal tissue sections and whole mounts, I 
showed cellular activity in the epidermis and structural changes in the overlying cuticle 
corresponding to the start and end of pupation. The period of pupation begins roughly two days 
after spinning of the pupal cocoon and persists for approximately 40 hours until the onset of 
pharate adulthood. While these findings are inconsistent with previous definitions of the “pupal 
stage” (Cnaani et al. 2002), several lines of evidence support this delimitation of pupation as 
more biologically accurate. Using apolysis as the benchmark for commencement of a new 
developmental instar, the tissue sections reveal that pupation begins approximately 40 hours 
post-spinning (Fig 2.3) in that an edysial space is observed between the epidermis and cuticle. 
This ecdysial space occurs when the epidermis secretes proteases and chitinases that digest the 
endocuticle, but not the exocuticle, which is sclerotized and therefore resistant to digestion 
(Wigglesworth 1972). After 40 additional hours of development, the whole mounts show a new 
cuticle layer that possesses socket cells from which future hairs emanate and continue to grow 
(Fig 2.2), marking the end of pupation. This new delimitation of Bombus pupation will be useful 
for future physiological and biological studies, as it provides an accurate temporal framework 
within which research can search for developmental processes unique to the pupal stage. 
 Comparisons of pre-adult tissue development between Bombus impatiens and other 
species can now be made more accurately. It is, clear, for instance, that the duration of pupal 
development in Bombus impatiens is very similar to that of the closely related Apis mellifera. As 
late larval instars, both species undergo a period of activity in which they manipulate their 
environment in preparation for oncoming pupation, spinning in Bombus impatiens and capping 
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in Apis mellifera (Flower and Kenchington 1967). After approximately two days, both species 
undergo apolysis and ecdysis and pupate (Thompson 1978) over a period of 40 hours. They both 
then undergo another round of apolysis and remain in their brood cells as pharate adults for an 
additional 2 weeks (Thompson 1978).  
 Future research should incorporate more tissue sections to investigate the cellular activity 
at all the time points used in the tissue whole-mount experiment. This would provide a more 
complete view of cellular division and proliferation of epithelial cells in the epidermis, as well as 
development of socket cells and hairs in the cuticle. Additionally, SEM imaging should be 
employed to analyze whole mounts in greater detail. This might allow for the visualization of the 
secretion of a new cuticle layer after the initial separation of the epidermis during apolysis.   
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Figures 
 
Figure 2.1 The color pattern phenotype of Bombus impatiens (left), the color pattern element 
ground plan (center) illustrating six metasomal tergites (T1-T6), and the area of tissue 
sampling (red box). The epidermis and overlying cuticle were observed and imaged via low- 
resolution light microscopy. This figure was adapted from Rapti et al. (2014). 
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Figure 2.2 Timeline of tissue development throughout larval and pupal development. All images 
were taken using light microscopy. Time = 0 hrs refers to the point during larval spinning when 
the wax cell is no longer extending vertically and this serves as a benchmark for all subsequent 
developmental times. All scale bars = 100μm. The double-asterisk represents intersegmental 
border. 
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Figure 2.2 (cont’d) 
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Figure 2.2 (cont’d) 
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Figure 2.2 (cont’d) 
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Figure 2.3 Tissue sections taken under low-resolution light microscopy. Panel A shows cuticle + 
epidermis sampled from a third instar larva. Panel B shows cuticle + epidermis sampled from 40 
hour pupa. The arrow highlights ecdysial space signifying the beginning of apolysis. Panel C 
shows cuticle + epidermis + early hair taken from 80-hour pharate adult. All images taken at 40x 
magnification (scale bar = 100μm).   
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Figure 2.4 Tissue whole mount of adult worker bee abdominal cuticle after removal of hair with 
KOH. The remaining indentations are socket cells. This image was taken at 40X magnification 
(scale bar = 100μm). 
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CHAPTER 3: BOMBUS IMPATIENS (HYMENOPTERA: APIDAE) COLOR PATTERN 
REMAINS UNCHANGED WHEN POST-SPINNING LARVAE ARE EXPOSED TO 
THERMAL STRESS 
 
Abstract 
Bumble bees (Bombus) commonly display strongly contrasting yellow, orange and black 
coloration across the thorax and abdomen, which is thought to warn predators of their defensive 
sting. Species occupying a shared range often converge on similar color patterns, presumably to 
reinforce the warning signal and accelerate the learned avoidance by naïve predators, forming 
putative Müllerian mimicry rings. Normal development of the color pattern phenotype typical of 
a given Müllerian mimicry complex is therefore critically important to the survival of co-mimics. 
While some data exist on the genetic determination of color patterns, little is known about 
environmental effects such as thermal variation, on the development of this phenotype. Several 
studies have found that intraspecific variation in adult color pattern correlates with the thermal 
conditions of the habitat, but none have examined the effect of temperature on color pattern 
development in individual bees. As yet, the thermal limits of normal color pattern development 
in Bombus have not been tested. This study exposes late fourth instar larval Bombus impatiens to 
sublethal heat and cold stress (16°C - 35°C) to determine whether adults emerge with altered 
color pattern phenotypes. Despite four individuals emerging with abnormally red hair, no 
statistically consistent color pattern response was observed. The assumption that the period of 
pigment synthesis occurs during the fourth instar of larval development may be incorrect and 
could explain the results of this study. Future experimentation should explore whether earlier 
larval or the later pupal stage are the critical period during which color pattern formation may be 
susceptible to interruption by environmental temperature stress. Furthermore, Bombus impatiens 
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is a monomorphic species and its color pattern may be less susceptible to environmental 
influence than polymorphic species.  
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Introduction 
The field of evolutionary physiology has long sought to reveal the degree to which 
environmental influences shape adaptive organismal traits that persist over many generations 
(Garland and Carter 1994). Studies of the environmental conditions that affect phenotypic traits, 
particularly photoperiod, water and food availability, altitude and temperature, appear 
prominently in the literature (Garland and Carter 1994). Thermal stress and the effect of 
developmental temperature have been studied at great length in insects, as they are known to 
have conspicuous effects on the development rate, metabolism, and morphology (Denlinger 
2010). Early physiological studies used thermal stress assays to uncover the adaptations that 
underpin biological diversity (Merrifield 1891, 1894).   
Bumble bees (Bombus), which form adaptive Müllerian mimicry complexes throughout 
their range, are an especially valuable model for investigating organismal interaction with, and 
phenotypic response to, varying environmental temperatures. Species in this genus, whose global 
range comprises of mostly habitats with temperate climates and are not commonly found south 
of the equator in the Eastern Hemisphere (Williams 2007), have developed many adaptations to 
cope with fluctuating and often stressful thermal conditions (Sladen 1912). Among insects, 
bumble bees are distinguished for their thermoregulatory capabilities, as they are able to 
maintain necessary individual and brood temperatures by implementing behavioral strategies, 
such as fanning and incubation (Sladen 1912, Heinrich 1972, 1996). The maintenance of a 
constant temperature is important for the success of their developing brood in terms body size 
and timing of emergence (Gurel and Gosterit 2008).  
The influence of temperature on other important aspects of Bombus development, such as 
color pattern formation, remains largely unknown. The development of the color pattern 
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phenotype is important to explore because it has been implicated in many physiological and 
ecological functions in Bombus, including thermoregulation, crypsis and mimicry (Williams 
2007). There is little consideration of the effect of temperature on Bombus color pattern 
development currently in the literature. Hoffer (1905) was among the first to document the effect 
of temperature on Bombus color patterns when he noticed that the development of abnormal 
yellow hairs in worker bees of B. pascuorum nests that were relocated to warmer, wetter 
environments. Stiles (1979) also noted that the pile of several Bombus species was darker in 
colder climates. 
While these studies (Hoffer 1905, Stiles 1979) are insightful, the results provide only a 
measure of colony-wide responses to temperature and do not analyze color pattern development 
in individual bees. Environmental temperatures are, in effect, processed by colony worker bees 
and are either heated or cooled down to an optimal thermal range (30°C - 32°C) that the 
developing brood will experience (Heinrich 1972). To date, a direct test of unmitigated thermal 
stress upon color pattern development at the physiological level has not been performed in 
Bombus. Examining the role of temperature on color pattern provides insight into a significant 
environmental factor that may, in part, account for large-scale pattern diversification among 
populations that vary with geographic range.  
My study tests the hypothesis that stressful thermal conditions during development can 
break typical color pattern formation in Bombus impatiens, a species endemic to eastern North 
America typically displaying a single color morph. I isolated developing fourth instar larvae 
from the colony of workers that regulate the temperature of the brood comb and exposed them to 
heat and cold shock treatments in incubators. Upon emergence into adulthood, these individuals 
were collected and their color patterns were recorded and scored using digital photography. This 
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study is unique in that it is the first to test individual response to thermal stress in Bombus, rather 
than measuring colony-wide reaction (Hoffer 1905).  
B. impatiens (Fig 3.1) is an attractive model for examining the effects of temperature on 
the development of color pattern in bumble bees. This species belongs to the subgenus 
Pryobombus (Cameron et al. 2007, Hines et al. 2006) and is found throughout most of the United 
States east of the Rocky Mountains (Hurd 1979, Williams 2014). Both queens and workers of 
this species display a yellow thorax, with few black hairs intermixed, and a predominantly black 
metasoma (commonly referred to as the abdomen), with the exception of the first yellow 
abdominal tergite (Fig 3.2, modified from Rapti et al. 2014). However, several mutants 
displaying red pile across their second and third metasomal tergites have been observed in the 
field (personal observation). With this in mind, my study uses temperature stress to test the 
hypothesis of Friese and Wagner (1910), that red pigmentation is a halted state along the melanin 
pathway concluding with black pigmentation. 
 
Methods 
Experimental Species 
Laboratory-reared colonies of up to 200 workers at maximum size were used in this 
study. Worker bees typically emerged from their eggs after 5 days of development (Cnaani et al. 
2012, Morandin et al. 2005). They developed as feeding larvae and underwent 4 larval molts 
over the course of ~9 days (Cnaani et al. 2012, Morandin et al. 2005). Following their fourth 
larval molt, workers pupated and emerge as adults after 10 days of development (Cnaani et al. 
2012, Morandin et al. 2005). 
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Colony Maintenance 
 Colonies of B. impatiens were purchased from Koppert Biological Systems (Ann Arbor, 
MI). Initially, these colonies consisted of only the queen and approximately 10-15 workers. 
Nests were placed in 15 x 20 x 11 cm wooden boxes with clear, removable glass tops. A wooden 
cover was placed on top of the glass to maintain constant darkness (mimicking natural below-
ground nesting conditions), except for periods of feeding and observation. Red light was used 
during periods of feeding and observation to limit bee vision and therefore flight. Each colony 
was fed pollen (stored at -20°C to prevent spoilage) and a honey:water solution (1:1) ad libitum. 
Fresh frozen pollen was purchased from Y.S. Eco Bee Farms (Sheridan, IL). Charles Nye at 
University of Illinois, Urbana-Champaign, provided honey from his personal honey bee hives. 
Foraging workers were able to exit the nest boxes through glass tunnels measuring 46 cm in 
length x 4 cm diameter, to obtain honey water in foraging boxes of the same size as nest boxes. 
The wooden foraging boxes were topped with a glass plate without a wooden cover, simulating 
natural photoperiod conditions outside the nest to help guide their search for food. Honey:water 
was contained in 96-well PCR plates.  
 
Brood Comb Separations 
 Pre-pupal development was monitored several times daily via video recording using a 
high-definition widescreen video web cam (Stopmotion Explosion), which facilitated direct and 
uninhibited inspection of the brood comb. Visual examination was used to determine the portions 
of the brood comb containing fourth instar larvae that would be exposed to experimental thermal 
conditions. The fourth instar larvae that had recently undergone a change in body orientation 
within the cell, indicating spinning of their silken pupal cocoon, were targeted for this study. 
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During this time, the cell shape changes from oblate spheroid to an ellipsoid as a larva inside its 
brood cell moves from a horizontal to a vertical body orientation (Sutcliffe and Plowright, 1990). 
Video recordings were closely examined and the point at which a brood cell no longer extended 
vertically was designated as the time 0 reference point for the sampling of developing 
individuals. I took samples of 5-18 developing individuals at 2, 4, and 6 hours post-spinning 
(time 0). The first step of brood separation was to remove all adults from the nest, beginning 
with workers and ending with the queen. Using large forceps, adults were temporarily relocated 
to a 200 mL Erlenmeyer flask under red lighting. This flask was held on a bucket of ice, which 
lightly cooled the bees into a state of quiescence and limited movement. Next, equal-size clusters 
of roughly 5-10 individuals were carefully separated from the rest of the brood the nest using a 
scalpel, dissecting scissors, and forceps. Clusters of similarly aged individuals destined for 
thermal treatments were then relocated to smaller 10 x 10 x 7cm wooden boxes with removable 
glass tops. Sample clusters were randomly assigned to different temperature treatments. 
Developing larvae remained in these smaller wooden boxes under experimental conditions 
(described below), throughout pupation and pharate adulthood until they emerged as callow 
adults. Callows appeared grey in coloration, as they had not yet achieved full pigmentation. 
These individuals were given 24 h to achieve full pigmentation, after which point they were 
digitally photographed. Only workers were used in this study, as they were highly abundant and 
readily available for observation.  
 
Thermal Treatments 
  The first colony was used to test the control treatment (25°C) as well as the upper and 
lower bounds of the range in temperatures used in this experiment. Relative humidity was 
maintained at 60-70% (Scholer and Krischik 2014, Gurel and Gosterit 2008) by placing an open 
 38 
tray of supersaturated salt (NaCl):water solution at the bottom of each incubator. Clusters of ~10 
individuals from Colony 1 were randomly relocated to incubators set to either 16°C or 35°C or 
left at room temperature with provisioning adults. The two experimental treatments were chosen 
because they are sublethal temperature extremes that fall well outside the optimal range of brood 
temperatures (30°C - 32°C) that adult workers maintain within the nest (Fye and Medler 1954, 
Heinrich 1972, Stiles 1979, Cameron, 1985). To ensure thermal consistency, data loggers 
recorded the temperatures of each incubator on an hourly basis for the duration of each 
temperature experiment. Timing of adult emergence was recorded, and individuals were given 
24h to obtain full pigmentation (Skandalis et al. 2011). The color pattern of each individual was 
then photographed to assess the effect of each treatment on adult coloration (discussed in the 
following section). After successfully developing the thermal treatment protocol for the control 
temperature and the upper and lower thermal boundaries, seven additional colonies were 
obtained and used to test the remaining temperatures at finer increments (17°C, 18°C, 31°C, 
32°C, 33°C, 34°C). 
 
Color Pattern Data 
Digital photography was used to quantify and compare the chromatic information visible 
on the thorax and the first four abdominal segments (tergites) of all individuals. The wings of all 
adult workers were removed prior to each photography session to reduce obstruction during later 
data collection. This method of color analysis allowed for rapid and inexpensive data acquisition. 
The photography protocol used in this study generally followed the guidelines proposed by 
Stevens et al. (2007). A Canon EOS Rebel XTi/400D camera was mounted atop a Leica MZ 125 
and used to capture minimally processed .CR2 images. These .CR2 files were then converted to 
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uncompressed TIFF images in Adobe Photoshop (San Jose, California). Overhead lighting was 
entirely eliminated by photographing pinned B. impatiens samples beneath a domed cover. The 
only opening was located at the vertex of the dome such that the microscope lens could capture 
an image of the sample without interference from ambient lighting. A ring lamp at the bottom of 
the dome cover was used as the sole source of illumination.  
Once B. impatiens photographs were obtained, image files were uploaded to the image 
processing software, ImageJ (version 1.48, Wayne Rasband, 2014). Color values, obtained from 
the same amount of space on each of the targeted body segments (Thorax, T1-T4), were stored as 
RGB values, which correspond to red, green, and blue primary colors. RGB reflectance values 
were chosen as the principal data type because they represent relative amounts of short, medium, 
and long wavelengths and can be easily transformed to express camera-independent light 
reflectance, thus revealing genuine and unobstructed bee coloration.  
 
Statistical Analysis 
For this study, R, G, and B values obtained from each individual were treated as discrete sample 
units. All statistical analysis was done in PC-ORD (Gleneden Beach, Oregon). Statistical 
significance was assessed by comparing differences in reflectance values among treatments 
using an MRPP test (multi-response permutation procedures). This test uses within-group 
similarities to determine the significance of differences between groups. The MRPP test does not 
require these groups to be equal in size. Briefly, this permutation-based randomization procedure 
was used to construct a distance matrix using the Euclidean distance measure. Within-group 
distances were averaged among sample units and weighted by size of the group. Next, all sample 
units are randomly assigned to new groups, and the average within-group distances are 
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recalculated. The process is repeated 1,000 times and ultimate within-group average distances 
are determined using Pearson type III continuous distribution. A final p-value indicates whether 
sample units are statistically more similar to others belonging to the original group, or if this 
similarity is indistinguishable from randomized groups.  
This test was paired with an NMS (non-parametric multidimensional scaling) to further 
visualize distances between sample units and the influence of each independent variable 
(developmental timing, temperature, body segment) on the dependent variable (coloration). This 
procedure allows interpoint distances to reflect a redundant covariation observed in the response 
data. NMS does not make assumptions about the probability distributions of variation among 
sample units. An initial distance matrix was constructed and distances between pairs of sample 
units were ranked and used to assign ordination scores. Using these scores, sample units were 
mapped onto three axes, which were determined to be the appropriate number of axes using a 
stress test (Fig 3.3). A second distance matrix, using a Euclidean distance measure, was 
constructed. The resulting scatterplot is a graphical representation of the original distances and 
the reduced, Euclidean-based distances.  
 
Results 
The results of the thermal exposure experiment are summarized in Figure 3.4. Overall, 
little to no variation in adult color pattern was observed in response to experimental thermal 
treatments. However, within the 35°C - 2 hr treatment, four individuals originating from 
different source colonies emerged with bright red pile across T2 and T3 instead of the standard 
black pile (Fig 3.5). This phenotype was not reproducible in additional replicates and it is not 
possible to determine whether this coloration was a direct response to developmental 
temperatures or an anomalous genetic mutation. Statistical analysis reveals that there are no 
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significant differences in color pattern among the experimental groups (MRPP, α<0.05). In other 
words, the among-group measurements were as statistically similar to one another as were the 
within-group measurements. The NMS scatterplot shows no appreciable clustering within any of 
the experimental groups of sample units (Fig 3.4).  
 
Discussion 
I tested the hypothesis that exposure to developmental temperatures falling outside the 
worker-maintained optimal range would alter the development of color pattern in B. impatiens. If 
fourth instar larvae are sensitive to thermal extremes (cold represented by temps 16°C – 18°C; 
hot represented by 33°C - 35°C) with resulting interruptions of pigment production, then adults 
emerging with obstructed color pattern phenotypes, such as a change in color or a reduction in 
color intensity, would be expected. This was not observed and I therefore conclude that pigment 
biosynthesis in B. impatiens is tolerant of at least some level of thermal stress during this 
developmental stage. However, further experimentation is required to determine if colder or 
hotter temps would have an effect, or whether color pattern development is fully canalized in this 
species throughout all of larval and pupal development.  
The most likely explanation for my results is that the critical lifestage in which 
pigments are synthesized or deposited was not tested directly. This study would be more robust if 
more lifestages were tested. Similar studies have found the pigment synthesis can occur as early 
as third instar larvae in Papilio xuthus, the Asian swallowtail (Futahashi and Fujiwara 2005). 
Other studies examining color pattern formation in Drosophila have found that pharate 
adulthood is the critical lifestage in which gene expression underlying pigment synthesis occurs 
(Wittkopp et al. 2002, Wittkopp et al. 2003). Expression of the yellow gene, which is partly 
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responsible for the synthesis of the melanin that produces black pigmentation in the wings, head, 
thorax and abdomen, occurs at very high levels during the pharate adult stage (approx. 80h after 
puparium formation) in many Drosophila species (Wittkopp et al. 2002). Ebony, a gene 
responsible for yellow pigmentation and the suppression of melanization, was also found to be 
differentially expressed in the abdomen of developing D. americana and D. novamexicana 
pharate adults (Wittkopp et al. 2003). 
A limiting factor in conducting this study was that earlier larval life stages (prior to 
cocoon spinning) require provisioning by adult nurses. Therefore, simply relocating earlier instar 
individuals to incubators until adult emergence was not an option as there would be a near 100% 
mortality rate. However, altering this protocol such that these individuals are only exposed to 
thermal stress for a few hours before being tagged and returned to their colonies with 
provisioning workers could potentially reduce the mortality rate.  
Cautery is another method of delivering physiological stress that could prove to be 
informative. This is a type of perturbation analysis in which a highly intense and centralized 
stressor is applied to a small patch of developing cells. A heated needle would be used to inflict 
minor injuries to different areas of the cuticle and at different development times. Cauterization 
trials could be used to infer whether cell-to-cell interactions are required for wild-type color 
pattern formation in insects, or if cells act autonomously during pigment synthesis and 
deposition. In the case of the former, cautery trials can be used to map the deposition of pigments 
in time and space across an insect’s body. In the past, cautery has been used to determine the 
timing and center of pigment synthesis and deposition in various butterfly species (Kühn and von 
Engelhardt 1933, Nijhout 1985, Takayama and Yoshida 1997). 
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Further experimentation could also incorporate a genetic component to the experimental 
design. Targeting candidate genes and quantifying their expression among individuals exposed to 
different temperatures throughout development could prove very useful in determining not only 
whether thermal stress alters color pattern formation, but also which genes are involved. Several 
genes, including tan, yellow, and ebony, that are involved in the melanin pathway would make 
suitable candidates for this type of study. Melanin is the pigment presumably responsible for 
black and red pigmentation in Bombus (Hines, unpublished data, PhD thesis 2008), and the 
above-mentioned genes encoding melanin precursors could be used to uncover the 
developmental genetic basis of color pattern development using qPCR (quantitative Polymerase 
Chain Reaction). Conversely, a comparative quantification of heat shock protein expression 
between Bombus and other model insects, also through the use of qPCR, could be used to 
determine whether Bombus is simply more tolerant of stressful temperatures and therefore less 
likely to display aberrant color patterns. 
The results of this study might be meaningful if further examination of additional 
developmental instars at higher and lower temperatures continued to show no change in color 
pattern formation. The critical importance of aposematic coloration and Müllerian mimicry may 
have mediated the canalization of color pattern development in B. impatiens. A comparative 
study with a widespread species belonging to several mimicry rings, and displaying multiple 
color pattern phenotypes across its range, such as Bombus bifarious (Lozier et al. 2013), would 
be useful to test whether polymorphic species are more susceptible to environmental influences 
such as temperature.  
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Tables 
 
Table 3.1 Summary of sample sizes (number of individual bees) tested in each experimental 
treatment. Each individual had its thorax and tergites 1-4 photographed and RGB values were 
obtained using ImageJ software. 
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Figures 
 
Figure 3.1 A B. impatiens queen (top) and two workers (bottom, right). 
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Figure 3.2 Generalized body color pattern of B. impatiens adults (left). They display a yellow 
thorax, with few black hairs intermixed, and a predominantly black metasoma, with the 
exception of the first yellow tergite. Each pattern element of the dorsal ground plan (right) was 
be measured during data collection. Figured modified from Rapti et al. (2014). 
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Figure 3.3 NMS screen plot. This randomization test was used to determine the number of 
dimensions for the real data. Three dimensions were ultimately used as it incurred the least stress 
and best fit for the data.  
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Figure 3.4 Non-parametric multidimensional scaling scatter plot using a Euclidean distance 
measure. This analysis was solved in three dimensions (K=3), and is represented on 2 axes 
below. No significant clustering between experimental groups observed. MRPP, alpha value 
0.05. The following time points are represented below 16°C (blue), 17°C (green), 18°C (brown), 
25°C (black), 31°C (yellow), 32°C (purple), 33°C (grey), 34°C (red) and 35°C (orange).  
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Figure 3.5 Two adult workers with aberrant color pattern phenotypes. These individuals 
emerged with red pile across T2-T3, which replaced the usual black pile. 
 
 
 
 
 
 
 
 
 
  
 51 
References 
 
Cameron, S. 1985. Brood care by male bumble bees. Proceedings of the National Academy of 
Sciences, USA 82: 6371-6373.   
 
Cameron, S., Hines, H., Williams, P. 2007. A comprehensive phylogeny of the bumble bees 
(Bombus). Biological Journal of the Linnaean Society 91: 161-188.  
 
Cnaani, J., Schmid-Hempel, R., Schmidt, J. 2002. Colony development, larval development and 
worker reproduction in Bombus impatiens Cresson. Insects Sociaux 49: 164-170. 
 
Denlinger, D.L. & Lee, R.E. (2010) Low Temperature Biology of Insects. Cambridge University 
Press, U.K. 
 
Friese, H., Wagner, H. 1910. Zoologische studien an hemmeln. I. Die hummeln der deutschen 
fauna. Zoologische Jahrbucher; Systematik Okologie und Geographie der Tiere 29:1-104. 
 
Futahashi, R., Fujiwara, H. 2005. Melanin-synthesis enzymes coregulate stage-specific larval 
cuticular markings in the swallowtail butterfly, Papilio xuthus. Developmental Genes and 
Evolution 215: 519-529.  
 
Fye, R. E., and Medler, J. T. 1954. Temperature studies in bumblebee domiciles. Journal of 
Economic Entomology 47: 847-852.  
 
Garland, T., Carter, P. A. 1994. Evolutionary physiology. Annual Review of Physiology 56: 579-
621.   
 
Gurel, F., Gosterit, A. 2008. Effects of temperature treatments on the bumblebee (Bombus 
terrestris L.) colony development. Akdeniz University Journal of the Faculty of Agriculture 
21: 75-78.  
 
Heinrich, B. 1972. Physiology of brood incubation in the bumble bee queen, Bombus 
vosnesenskii. Nature 239: 223-225.  
 
Heinrich, B. 1996. The Thermal Warriors. Harvard University Press, Cambridge, MA. 
 
Hines, H. 2008. Bumble bees (Apidae: Bombus) through the ages: historical biogeography and 
the evolution of color diversity. (Doctoral dissertation). Retrieved from ProQuest 
Dissertations and Theses. (Accession Order No. AAT 3337790).  
 
Hines, H., Cameron, S., Williams, P. 2006. Molecular phylogeny of the bumble bee subgenus 
Pyrobombus (Hymenoptera:Apidae:Bombus) with insights into gene utility for lower-level 
analysis. Invertebrate Systematics 20: 289-303.  
 
Hoffer, E. 1905. Ueber des Farbenvariieren der Hummeln. Mitteilungen des 
Naturwissenschaftlichen Vereins für Steiermark. 41: 1xv-1xvii.  
 52 
Hurd, P. 1979. Superfamily Apoidae. In: Catalog of Hymenoptera in America North of Mexico. 
(Krombein, K., Hurd, P., Smith, D., and Burks, B., Ed.) Smithsonian Institution Press, 
Washington, pp. 1741-2209.  
 
Kühn, A., von Enelhardt, M. 1933. Über die Determination des Symmetriesystems auf den 
Vorderflügel von Ephestia kühniella. Wilhelm Roux' Archiv fur Entwicklungs Mechanik der 
Organismen 130: 660-703. 
 
Lozier, J. D., Strange, J. P., Koch, J. B. 2013. Landscape heterogeneity predicts gene flow in a 
widespread polymorphic bumble bee, Bombus bifarius (Hymenoptera: Apidae). 
Conservation Genetics 14:1099-1110.   
Merrifield, F. 1891. Conspicuous effects on the marking and colouring of Lepidoptera caused by 
exposure of the pupae to different temperature conditions. Transaction of the Entomological 
Society of London 155-168.  
 
Merrifield, F. 1894. Temperature experiments in 1893 on several species of Vanessa and other 
Lepidoptera. Transaction of the Entomological Society of London 425-438. 
 
Morandin, L., Winston, M., Franklin, M., Abbott, V. 2005. Lethal and sub-lethal effects of 
spinosad on bumble bees (Bombus impatiens Cresson). Pest Management Science 61: 619-
626.  
 
Nijhout, H. 1985. Cautery-induced colour patterns in Precis coenia (Lepidoptera: Nymphalidae). 
Journal of Embryology and Experimental Morphology 86: 191-203.  
 
Rapti, Z., Duennes, M., Cameron, S. 2014. Defining the colour pattern phenotype in bumble bees 
(Bombus): a new model for evo devo. Biological Journal of the Linnaean Society 113: 384-
404.  
 
Scholer, J., Krischik, V. 2014. Chronic exposure of imidacloprid and clothianidin reduce queen 
survival, foraging, and nectar storing in colonies of Bombus impatiens. PLoS One 
9(3):e91573.  
 
Skandalis, D., Roy, C., Darveau, C. 2011. Behavioural, morphological, and metabolic maturation 
of newly emerged adult workers of the bumble bee, Bombus impatiens. Journal of Insect 
Physiology 57: 704-711.  
 
Sladen, F. W. L. 1912. The humble bee: It’s life-history and how to domesticate it. London, 
Macmillan and co., limited.  
 
Stevens, M., Parraga, C., Cuthill, I., Partridge, J., Troscianko, T. 2007. Using digital photography 
to study animal coloration. Biological Journal of the Linnaean Society 90: 211-237.  
 
Sutcliffe, G. H., Plowright, R. C. 1990. The effects of pollen availability on development time in 
the bumble bee Bombus terricola K. (Hymenoptera: Apidae). Canadian Journal of Zoology 
68: 1120 – 1123.  
 53 
Stiles, E. 1979. Evolution of color pattern and pubescence characteristics in male bumblebees: 
automimicry vs. thermoregulation. Evolution 33: 041-957. 
 
Takayama, E., Yoshida, A. 1997. Color pattern formation on the wing of the butterfly Pieris 
rapae. 1. Cautery induced alteration of scale color and delay of arrangement formation. 
Development, Growth and Differentiation 39: 23-31.  
 
Williams, P. 2014. An identification guide: bumble bees of North America. Princeton University 
Press, New Jersey, pp. 59-61.  
 
Williams, P. 2007. The distribution of bumblebee colour patterns worldwide: possible 
significance for thermoregulation, crypsis, and warning mimicry. Biological Journal of the 
Linnaean Society 92: 97-118.  
 
Wittkopp, P., Williams, B., Selegue, J., Carroll, S. 2002. Evolution of yellow gene regulation and 
pigmentation in Drosophila. Current Biology 12: 1547-1556.       
 
Wittkopp, P., Williams, B., Selegue, J., Carroll, S. 2003. Drosophila pigmentation evolution: 
divergent genotypes underlying convergent phenotypes. Proceeding of the National Academy 
of Science of the United States of America 100: 1808-1813.  
 
 
 
 
 
  
 54 
APPENDIX A: ADDITIONAL TISSUE IMAGES 
 
Figure A.1 Third instar larvae. Scale bars represent 100μm. The cuticle layer (right) was imaged using 
Nomarski while the epidermis (left) was imaged using DAPI and fluorescent microscopy and converted to 
half tone. Each paired couple represents an individual sample.   
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Figure A.2 Fourth instar larvae. Twenty-four hours post-spinning. Scale bars represent 100μm. The 
cuticle layer (right) was imaged using Nomarski while the epidermis (left) was imaged using DAPI and 
fluorescent microscopy and converted to half tone. Each paired couple represents an individual sample.    
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Figure A.3 Pupae. Forty hours post-spinning. Scale bars represent 100μm. The cuticle layer (right) was 
imaged using Nomarski while the epidermis (left) was imaged using DAPI and fluorescent microscopy 
and converted to half tone. Each paired couple represents an individual sample.    
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Figure A.4 Pupae. Sixty hours post-spinning. Scale bars represent 100μm. The cuticle layer (right) was 
imaged using Nomarski while the epidermis (left) was imaged using DAPI and fluorescent microscopy 
and converted to half tone. Each paired couple represents an individual sample.    
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Figure A.5 Pharate adults. Eighty hours post-spinning. Scale bars represent 100μm. The cuticle layer 
(right) was imaged using Nomarski while the epidermis (left) was imaged using DAPI and fluorescent 
microscopy and converted to half tone. Each paired couple represents an individual sample.    
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Figure A.6 Pharate adults. One hundred hours post-spinning. Scale bars represent 100μm. The cuticle 
layer (right) was imaged using Nomarski while the epidermis (left) was imaged using DAPI and 
fluorescent microscopy and converted to half tone. Each paired couple represents an individual sample.   .   
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Figure A.7 Pharate adults. One hundred twenty hours post-spinning. Scale bars represent 100μm. The 
cuticle layer (right) was imaged using Nomarski while the epidermis (left) was imaged using DAPI and 
fluorescent microscopy and converted to half tone. Each paired couple represents an individual sample.    
 
 
 61 
Figure A.8 Pharate adults. One hundred sixty hours post-spinning. Scale bars represent 100μm. The 
cuticle layer (right) was imaged using Nomarski while the epidermis (left) was imaged using DAPI and 
fluorescent microscopy and converted to half tone. Each paired couple represents an individual sample.    
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APPENDIX B: RGB REFLECTANCE DATA 
RGB reflectance data collected in ImageJ (version 1.48, Wayne Rasband, 2014) from 
bumble bees exposed to experimental temperatures can be found in the file titled 
RGB_Reflectance_Data.xlxs  
Each page of the spreadsheet represents a different experimental temperature wherein 
replicates are sorted into columns according to developmental stage. The columns of data list 
red, green, and blue reflectance values obtained from the thorax and the first four metasomal 
tergites of each sample.  
 
